Cowpox viruses (CPXV) cause hemorrhagic lesions ("red pocks") on infected chorioallantoic membranes (CAM) of embryonated chicken eggs, while most other members of the genus Orthopoxvirus produce nonhemorrhagic lesions ("white pocks"). Cytokine response modifier A (CrmA) of CPXV strain Brighton Red (BR) is necessary but not sufficient for the induction of red pocks. To identify additional viral proteins involved in the induction of hemorrhagic lesions, a library of single-gene CPXV knockout mutants was screened. We identified 10 proteins that are required for the formation of hemorrhagic lesions, which are encoded by CPXV060, CPXV064, CPXV068, CPXV069, CPXV074, CPXV136, CPXV168, CPXV169, CPXV172, and CPXV199. The genes are the homologues of F12L, F15L, E2L, E3L, E8R, A4L, A33R, A34R, A36R, and B5R of vaccinia virus (VACV). Mutants with deletions in CPXV060, CPXV168, CPXV169, CPXV172, or CPXV199 induced white pocks with a comet-like shape on the CAM. The homologues of these five genes in VACV encode proteins that are involved in the production of extracellular enveloped viruses (EEV) and the repulsion of superinfecting virions by actin tails. The homologue of CPXV068 in VACV is also involved in EEV production but is not related to actin tail induction. The other genes encode immunomodulatory proteins (CPXV069 and crmA) and viral core proteins (CPXV074 and CPXV136), and the function of the product of CPXV064 is unknown.
P
oxviruses comprise a family of complex DNA viruses that infect a wide spectrum of vertebrate and invertebrate animals. Among the eight genera of vertebrate poxviruses, orthopoxviruses (OPVs) have been studied most extensively. The best-known OPV is variola virus (VARV), the causative agent of smallpox, which was declared eradicated in 1980 (1) . The prototype OPV is vaccinia virus (VACV), which was used as a vaccine against VARV. Cowpox virus (CPXV) has the largest and likely most complete genome among all known members of the OPV genus (2, 3) and has therefore become a popular model to study poxvirus biology and pathogenesis.
Although all OPVs can infect chicken embryos and cause distinctive visible lesions (pocks) on the chorioallantoic membrane (CAM) of embryonated eggs at 2 to 4 days postinfection (dpi), only CPXV and rabbitpox virus (RPXV) induce hemorrhagic ("red") pocks on CAM (4) . The first protein identified to be involved in inducing the hemorrhagic phenotype was CrmA (cytokine response modifier A) of CPXV (5) . Mutant CPXV lacking the crmA gene is less virulent than wild-type virus in a mouse model (6) . In a recent study, the CPXV crmA gene was introduced into the genome of modified vaccinia virus strain Ankara (MVA), but heterologous expression of CrmA did not confer on recombinant MVA the ability to produce hemorrhagic lesions on chicken CAM (7) . The results clearly showed that CrmA is necessary but not sufficient for the hemorrhagic red-pock phenotype of poxviruses.
In RPXV, serine protease inhibitor 1 (serpin 1), serpin 2 (CrmA), and the product of the ps/hr gene (B5R homologue of VACV strain Copenhagen [VACV-COP]) are responsible for the induction of hemorrhagic pocks on CAM (4, 8) . However, CPXV serpin 1 is not necessary for formation of red pocks, and nothing is known about the involvement of its B5 homologue in the process. Also, even though both CPXV and RPXV produce hemorrhagic lesions on CAM, the pocks as well as the hemorrhage induced by CPXV tend to be more pronounced than those produced by RPXV (4) .
Besides CrmA, kelch-like proteins have an impact on the induction of red pocks on infected CAM. Deletion of four of the six kelch-like genes in CPXV strain GRI resulted in smaller, white pocks (9) , suggesting that kelch-like proteins of CPXV might be involved in the induction of hemorrhages.
The present study aimed to identify CPXV proteins involved in the induction of hemorrhagic pocks on the CAM of infected chicken eggs. Recently, we generated a library of targeted knockout CPXV strain Brighton (CPXV-BR) mutants for each single viral open reading frame (ORF) (10) as well as a construct with a deletion of all six genes encoding kelch-like proteins. Reconstitution of infectious virus was successful for 109 of the 183 singlegene deletion mutants as well as for the mutant devoid of kelchlike genes. We screened all deletion mutant viruses that were able to replicate and identified 10 that produced white pocks on the chicken CAM. The results were verified by generating and testing repair viruses of each of the individual deletion mutants, which restored the red-pock phenotype in all cases.
MATERIALS AND METHODS

Cell lines. African green monkey cells Vero 76 (Collection of Cell Lines in
Veterinary Medicine, Friedrich-Loeffler-Institut, Greifswald-Insel Riems, Germany) were maintained in Eagle's minimal essential medium (MEM; Biochrom, Berlin, Germany) supplemented with 5% fetal bovine serum (FBS; Biochrom), 100 U/ml penicillin (Fisher Scientific, Schwerte, Germany), and 0.1 mg/ml streptomycin (AppliChem GmbH, Darmstadt, Germany) and incubated at 37°C with 5% CO 2 . Primary chicken embryo cells (CEC) were prepared from 11-day-old embryonated specific-pathogen-free (SPF) White Leghorn eggs (Valo BioMedia GmbH, OsterholzScharmbeck, Germany) according to standard procedures (11) . CEC were cultured at 37°C in MEM containing 10% FBS (Biochrom) and antibiotics as described above.
Viruses. Single-gene deletion mutants of CPXV-BR were reconstituted from mutant bacterial artificial chromosomes (BACs) previously (10) . All CPXVs used in this study were propagated and titrated on Vero cells. Fowlpox virus (FWPV) (Nobilis-PD, strain WP [Intervet, Boxmeer, Netherlands]; kindly provided by D. Lüschow, Freie Universität Berlin, Germany) was grown on CEC and used for initial reconstitution of viruses. For preparation of virus stocks, Vero cells were grown in 10-cm cell culture dishes and infected with CPXV at a multiplicity of infection (MOI) of 0.1. After 48 h, infected cells and supernatants were frozen (Ϫ70°C) and thawed (37°C) three times. Cells were scraped and collected in 50-ml conical centrifuge tubes (Sarstedt, Nümbrecht, Germany). Glass beads with a diameter of 0.75 to 1 mm (Karl Roth, Karlsruhe, Germany) were added into the tube and vortexed for 90 s before the cell suspension was centrifuged for 15 min at 300 rpm. The supernatant was collected and stored at Ϫ70°C, and titers were determined by plaque assay of 10-fold serial dilutions on Vero cells (10) .
BAC clones and BAC mutagenesis. A BAC clone of CPXV-BR containing monomeric red fluorescent protein (mRFP) and enhanced green fluorescent protein (eGFP), driven by early and late poxviral promoters, respectively, in the mini-F region, was generated previously and termed pBRFseR (10) . Virus reconstituted from pBRFseR was used as the wildtype control in this study and termed vBRFseR. Clones of a library of targeted knockout CPXV-BR BAC mutants for each single viral ORF (10) were maintained in Escherichia coli strain GS1783 (12) . BAC clones were modified by two-step Red-mediated recombination (12, 13) using marker constructs containing kanamycin, tetracycline, or ampicillin resistance genes. Primers used for deletion of kelch-like genes and CPXV207 (crmA) using Red recombination are listed in Table 1 . Primers used for repairing the mutant BAC constructs are given in Table 2 .
Preparation of plasmid and BAC DNA and verification of BAC mutagenesis. Plasmid and BAC DNAs were extracted by alkaline lysis (14) and verified by restriction fragment length polymorphism (RFLP) analysis. Briefly, BAC DNA was cleaved with selected restriction enzymes and separated by 0.8% agarose gel electrophoresis for 16 h at 75 V in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.4). To confirm integrity of the respective gene in the repaired BAC clones, PCR was performed using the original cloning primers (Table 3) . PCR products were checked by agarose gel electrophoresis, purified using a GF-1 AmbiClean (PCR & Gel) nucleic acid extraction kit (Vivantis Technologies, Subang Jaya, Malaysia), and finally sequenced (LGC Genomics GmbH, Berlin, Germany).
Plasmid construction. The tetracycline resistance gene (Tet r ) was amplified from plasmid pACYC184 (NEB, Frankfurt, Germany) and cloned into the HincII site of pUC19 (NEB). An I-SceI restriction recognition site was added to the Tet r cassette by additional sequences in the primer and PCR amplification (Table 3 ). To generate transfer plasmids for the repair of the individual CPXV deletion mutants (12, 13) , deleted sequences including sequences up-and downstream of the respective ORF were PCR amplified from pBRFseR (10) and cloned into the HincII site of pUC19 (primers are listed in Table 3 ). The Tet r and an adjoining I-SceI site were also amplified by PCR and inserted into unique restriction sites of the corresponding cloned genes (primers and restriction enzymes used are listed in Table 2 ). Duplicated sequences for removal of the Tet r cassette were added through 5= extensions of the primers (Table 4) .
Reconstitution of infectious virus from BAC DNA. For virus reconstitution, 1 ϫ 10 5 Vero cells were seeded in one well of a 24-well plate. Cells were transfected with approximately 2 g of purified BAC DNA using 1 l of FuGENE HD transfection reagent (Promega, Mannheim, Germany) according to the manufacturer's protocol and then infected with 20 to 500 PFU of FWPV at 2 h after transfection. Plaques formed by reconstituted viruses were monitored using an Axiovert S100 fluorescence microscope (Carl Zeiss, Jena, Germany). Viruses were passaged twice on Vero cells in order to remove helper virus.
CAM infections and analysis of size and shape of pocks. Embryonated SPF White Leghorn eggs were incubated at 37°C and a relative humidity of 50% for 11 days. A small hole was made in the eggshell with an electric drill, and the CAM was infected with 100 PFU of virus in 200 l of phosphate-buffered saline (PBS) or with the same volume of freeze-thawed Vero cells as a control. Eggs were sealed with wax and incubated at 37°C for 4 days without being moved. Finally, CAMs were harvested, washed three times with PBS, and photographed. Pock sizes were determined using ImageJ software (http://rsb.info.nih.gov/ij/). Statistical analysis was performed with Prism software (version 6; GraphPad Software, Inc.). CAMs were examined for pock shape using an Axiovert S100 fluorescence microscope to identify red and green fluorescence. Images were taken using an AxioCam MRm charge-coupled-device (CCD) camera (Carl Zeiss). Image processing was performed with the AxioVision, version 4.8.2, software package (Carl Zeiss). CAMs were finally fixed in neutral-buffered 4% formaldehyde and embedded in paraffin. Two-micrometer sections were cut and mounted on adhesive glass slides and stained with hematoxylin and eosin for histological examination.
Plaque size assays and correlation between plaque and pock sizes. To determine virus plaque sizes, Vero cells seeded in six-well plates were infected with 100 PFU per well. After 90 min of incubation, medium was removed and replaced by 0.8% carboxymethyl cellulose (CMC; SigmaAldrich) in MEM with 3.5% FBS. Plaques were monitored using an Axiovert 100 fluorescence microscope, and fluorescent plaque images were taken before processing with the Axiovision, version 4.8.2, software. Plaque and pock sizes were determined using ImageJ software. Statistical analysis was performed with GraphPad Prism software.
Bioinformatics analysis. Bioinformatics analyses were performed using NCBI BLAST, and comparisons were based on OPV sequences available at the Poxvirus Bioinformatics Resource Center (PBRC; www .poxvirus.org) and GenBank (15) .
RESULTS
Generation of CPXV mutants with deletions in kelch-like genes or CPXV207 (crmA). CPXV-BR contains six genes predicted to encode kelch-like proteins, CPXV013, CPXV035, CPXV050, CPXV193, CPXV204, and CPXV215 (www.poxvirus.org) (Fig. 1) . First, kelch-like genes were deleted from BAC clone pBRFseR individually (Table 5) . A complete kelch-like gene deletion mutant was generated by sequential deletion of all six kelch-like genes from CPXV013 to CPXV215 (Table 5 ). All BAC clones were verified by RFLP, and all patterns exactly matched in silico predictions (data not shown). Sequences covering deleted ORFs were amplified by PCR. The PCR products were analyzed by agarose gel electrophoresis (data not shown) and sequenced. The sequencing results confirmed the deletion of the kelch-like gene as intended (data not shown). Mutant viruses with deletions of a single kelchlike gene or of two to six kelch-like genes were reconstituted successfully from modified BAC clones. CPXV207 (crmA) was deleted from pBRFseR using a strategy described previously (10) . The resulting mutant, pBRFseRd207, was verified by RFLP, and the pattern matched the in silico prediction (data not shown). Sequences covering the insertion site were amplified by PCR and analyzed by sequencing, which confirmed the deletion of CPXV207 (crmA) (data not shown). Eventually, the crmA deletion mutant vBRFseRd207 (crmA deletion) was reconstituted on Vero cells from the modified BAC clone pBRFseRd207.
Identification of mutant CPXV inducing nonhemorrhagic pocks on CAM. Individual deletion mutant viruses were examined for their pock phenotypes on chicken CAM. The crmA deletion mutant vBRFseRd207 was used to infect CAMs, and nonhemorrhagic pocks were observed on CAMs infected with vBRFseR207, consistent with earlier results (7). All kelch-like deletion mutants, i.e., all mutants devoid of individual genes and the mutant missing all six kelch-like genes produced hemorrhagic pocks similar to those produced by wild-type virus. From the 109 viable knockout mutants, 10 produced nonhemorrhagic (white) pocks on infected CAM ( Fig. 1 and 2A ; also Table 6 ), while one, vBRFseRd061 (F13L deletion), failed to produce any visible lesions on the CAMs. All other single-gene deletion mutants induced formation of hemorrhagic (red) pocks upon CAM inoculation (data not shown). To confirm the results, reconstitutions from the 10 mutant BAC constructs were repeated twice, and CAMs were infected with newly reconstituted viruses. Consistently, mutant viruses reconstituted from the 10 BACs produced white pocks on infected CAMs (data not shown).
The shape of pocks induced by mutant CPXV on CAM. Red and green fluorescent protein expressed by BAC-derived CPXV can readily be detected by fluorescence microscopy (Fig. 3) . All pocks on the examined CAMs showed red and green fluorescence and allowed analysis of their respective shapes. Wild-type CPXV produced round pocks with dark areas in the middle, as did all red 
a Primers with names starting with "d" are primers used for deletion of kelch-like genes. Primers with names starting with "seq" are primers used for sequencing of deletion mutants. b A pseudogene, CPXV214, was deleted together with CPXV215.
pock-producing deletion mutants (data not shown). In contrast, three different groups of nonhemorrhagic pocks were observed and were classified according to their morphologies as type I, type II, and type III (Fig. 3) . Type I pocks produced by vBRFseRd074 (E8R deletion), vBRFseRd136 (A4L deletion), and vBRFseRd207 (crmA deletion) were similar in shape to those induced by wildtype virus. Type II pocks produced by vBRFseRd064 (F15L deletion), vBRFseRd068 (E2L deletion), and vBRFseRd069 (E3L deletion) were round and solid, whereas type III pocks produced by vBRFseRd060 (F12L deletion), vBRFseRd168 (A33R deletion), vBRFseRd169 (A36R deletion), vBRFseRd172 (A36R deletion), and vBRFseRd199 (B5R deletion) exhibited a comet-like shape (Fig. 3) .
Histological examination of pocks from infected CAMs. Sections of pocks on CAMs infected with the white pock-inducing mutant viruses or with wild-type virus were stained with hematoxylin and eosin (Fig. 4) . CPXV infection led to a number of microscopic lesions, including epithelial necrosis as well as epithelial and stromal proliferation. Consistent with the macroscopic data, hemorrhages were found in pocks induced by parental virus (Fig. 4 ) and in red pocks caused by single-deletion mutants (data not shown). In contrast, no microscopically evident hemorrhage was found in any of the white pocks examined. The white-pock phenotype was also associated with less necrosis and inflammation than the red-pock phenotype as well as with decreased proliferation of epithelial and stromal cells (Fig. 4) .
Generation of repaired viruses and CAM infection.
Repaired viruses were reconstituted from BAC clones in which the deleted genes had been restored by two-step Red-mediated recombination (12, 13) . Since all knockout BACs already harbored the kanamycin resistance gene, different positive selection markers were used to achieve the repair (12, 13) . A tetracycline or ampicillin cassette was inserted into previously deleted sequences that had been cloned in pUC19. The entire insert was PCR amplified from the respective transfer plasmids (primers are given in Tables 2 and  3 ) and inserted into the target loci of each of the mutant BACs by Red recombination. The antibiotic cassette was removed by a second step of Red recombination with the expression of the I-SceI restriction enzyme within E. coli (Fig. 5) (12, 13) .
All BAC clones were verified by RFLP, and all the patterns exactly matched in silico predictions (data not shown). Repaired sequences were amplified by PCR and analyzed by agarose gel electrophoresis. As intended, all repaired viruses contained the previously removed fragments, yet point mutations were present in repaired BAC clones pBRFseRd060rev (P237E and N448I) and pBRFseRd068rev (D13G and Y189N), likely as a result of PCR amplification. Repaired viruses were reconstituted and titrated on Vero cells. The ability to produce red pocks on chicken CAM was restored for all repaired viruses, including the two in which point mutations were present after repair (Fig. 2B) .
Plaque and pock sizes induced by mutant viruses. Plaque sizes of vBRFseR (wild-type virus), of all deletion mutants that 
produced white pocks, and of repaired viruses were determined on Vero cells. Compared with vBRFseR, all mutant viruses except vBRFseRd136 (A4L deletion) produced significantly smaller plaques (Fig. 6A) . However, plaques produced by the respective repaired viruses and wild-type viruses did not significantly differ from each other (data not shown). Sizes of pocks produced by wild-type viruses and all deletion mutants that produced white pocks were determined. Compared with vBRFseR, all mutant viruses except vBRFseRd136 (A4L deletion) produced significantly smaller pocks (Fig. 6B) . The shape of pocks and the correlation between plaque size and pock size of deletion mutants that produced white pocks were determined (Fig. 6C) . Overall, there was a significant correlation between plaque and pock sizes. However, the reduction in pock size did not always correlate with the reduction in plaque size (as in the case for vBRFseRd064 and vBRFseRd068) (Fig. 6C) . CPXV ORFs necessary for hemorrhagic pocks and bioinformatics analysis. Ten deletion mutants induced white pocks on the CAMs of infected chicken eggs, and the respective ORFs were therefore classified as necessary for the hemorrhagic pock phenotype (Table 6 ). All identified genes are conserved in either all chordopoxviruses (16) or the OPV (according to annotations of dif- Table  6 , and the proteins were classified into four groups, as follows.
(i) Immune modulation. CPXV CrmA and the CPXV069 product act as immune suppressors during infection. CrmA is involved in the modulation of inflammatory cytokines including interleukin-1␤ (IL-1␤) and IL-18 (17) . The homologue of CPXV069 in VACV is E3L, which encodes a protein inhibiting the expression of beta interferon (IFN-␤) and tumor necrosis factor alpha (TNF-␣) (18, 19) .
(ii) Core proteins. The homologues of CPXV074 and CPXV136 in VACV are E8R and A4L, respectively, and both the E8 and A4 proteins are involved in virion assembly and are also packaged in the viral core (20) (21) (22) .
(iii) EEV production. The homologues of CPXV060, CPXV068, CPXV168, CPXV169, CPXV172, and CPXV199 in VACV are F12, E2, A33, A34, A36, and B5, respectively. Products of all of these ORFs are involved in the process of the formation of extracellular enveloped viruses (EEV) (23, 24) . Deletion of A36, B5, E2, or F12 in VACV resulted in decrease of EEV production (19, (23) (24) (25) (26) , whereas VACV lacking A33 or A34 produced more EEV (23, 27, 28) .
(iv) Unknown. The function of the VACV-COP protein encoded by F15L (corresponding to CPXV064) is not known.
The 10 genes can also be classified according to their role in actin tail formation. According to the functions of their VACV homologues, the products of CPXV060, CPXV168, CPXV169, CPXV172, and CPXV199 may be responsible for EEV production and actin tail induction (23) . In VACV, the homologues of the products of CPXV168 and CPXV172, A33 and A36, were shown to induce actin tails in infected cells, a property that was shown to repulse progeny virions and enhance virus spread in VACV (29) . NCBI BLAST results identified high similarities between the CPXV proteins and their homologues in other OPVs (Table 6 ). For example, alignment of CPXV-BR protein CPXV199 with its homologues in other OPVs showed that the amino acid sequences are identical between RPXV, VACV-COP, and CPXV for this protein.
DISCUSSION
The full-length BAC clone of CPXV-BR (30) and the generation of a complete single-gene knockout BAC library (10) have allowed us to perform high-throughput screening to study poxvirus gene functions. Here, we used the established CPXV knockout library to study the hemorrhagic phenotype of CPXV on CAM. Previous work had shown that CPXV CrmA is necessary but not sufficient for causing hemorrhagic pocks on chicken CAM (5, 7). In another study, CPXV GRI-90 with a deletion of four of the six kelch-like proteins produced smaller and less hemorrhagic pocks on CAM (9) . Kelch proteins form a superfamily of proteins containing kelch repeats involved in diverse cellular functions (31) . Previous studies revealed that CPXV encodes six kelch-like proteins, while VACV and monkeypox virus (MPXV) encode only three and one kelch-like protein, respectively (32) (33) (34) (35) (36) . In VARV, no functional kelch-like protein is encoded (32, 33) . In a mouse model of infection, VACV lacking each of the three kelch-like proteins and CPXV lacking four of the six kelch-like proteins were shown to be less virulent (9, (34) (35) (36) . However, the function of orthopoxvirus kelch-like proteins remains poorly understood (32, 33) .
Considering the fact that OPVs encoding fewer kelch-like proteins produce nonhemorrhagic pocks and that the absence of four kelch-like proteins in CPXV GRI-90 caused a change in pock phenotype (9), we hypothesized that all kelch-like proteins might be involved in causing hemorrhagic pocks on CAM. Therefore, we generated mutants of CPXV-BR with single, multiple, and complete deletions of the kelch-like proteins to study the role of kelchlike proteins in causing the red pocks. Surprisingly, we did not observe different forms of pocks produced by any of the kelch-like protein deletion mutants compared to those produced by wildtype viruses. The discrepancy between our findings and those reported by Kochenva et al. could result from the difference between CPXV-BR and CPXV GRI-90. It is also possible that spurious or compensatory mutations caused by standard homologous recombination used in the CPXV GRI-90 study arose in the process of generating the mutant with four kelch-like genes absent (9) . Because of the low efficiency of homologous recombination in eukaryotic cells, progeny viruses containing the desired, modified genome are in the minority. Therefore, multiple rounds of plaque purification are necessary, which can increase the probability for compensatory mutations (37) . In contrast, the BAC mutagenesis system used in this study is a suitable tool to propagate and modify large genomic DNA fragments (38) and also avoids the problem of selection. A prominent example is the stepwise introduction of six major deletions into the chorioallantois vaccinia virus Ankara (CVA) BAC (39) . Sequencing of mutant viruses revealed that no mutations occurred during recombination, virus reconstitution, and subsequent passaging even though large portions of the viral genome had been rearranged (39) . Likewise, we did not observe any spurious mutations at the modified loci with our own poxvirus BAC clones, and we therefore prefer them over traditional methods for mutant virus generation. To avoid mutations occurring during reconstitution and passage that could cause the virus to produce white pocks, all 10 mutant viruses that produced white pocks were reconstituted twice from the respective knockout BAC clones. All newly reconstituted viruses behaved identically and produced white pocks on CAMs, which we interpret as confirming the robustness of the methodology.
To identify proteins involved in the hemorrhagic phenotype, we screened 109 single-deletion mutants by infecting chicken CAMs. Most of the mutant viruses produced hemorrhagic pocks, while vBRFseRd061 (F13L deletion) failed to produce visible pocks and also to produce plaques on CEC (data not shown). A VACV mutant lacking the F13L gene is unable to form EEV and produce plaques but makes normal amounts of intracellular mature viruses (IMV) (40) . Therefore, the failure of vBRFseRd061 (F13L deletion) to produce plaques on CEC and to induce pocks on CAM may be caused by small amounts of EEV produced and a concomitant reduction of virus particles that can spread directly from cell to cell. Ten deletion mutants were found to produce nonhemorrhagic white pocks, suggesting that the 10 corresponding proteins are essential for the formation of hemorrhagic pocks. All 10 proteins are highly conserved among poxviruses (Table 6 ). Homologues in CPXV GRI, VACV-Lister, VACV-COP, VACV-MVA, MPXV, VARV, and RPXV were chosen for comparative analysis. BLAST results revealed a high degree of similarity of the 10 CPXV-BR proteins and their homologues in different OPVs (Table 6 ). Alignment of homologues of the CPXV199 (B5R deletion) protein showed that RPXV ps/hr and VACV-COP B5 have exactly the same amino acid sequences. This analysis suggests that the functions of the identified proteins in CPXV are comparable to those of their counterparts in VACV. As most studies on poxvirus genes were performed using VACV, information on gene function was obtained from studies on the respective protein in VACV (Table 6) .
Although proteins responsible for the hemorrhagic phenotype have a variety of functions, the proteins and their possible roles in causing hemorrhagic lesions fall into several categories (Table 6) . One category contains proteins with immunosuppressive functions. It is known that CPXV CrmA is an inhibitor of granzyme B (41) and caspase-1 (42) . CrmA also blocks the maturation of the proinflammatory cytokines IL-1␤ and IL-18 (17) . Yet the role of CrmA in the formation of hemorrhagic pocks on CAM is still poorly understood. In pocks induced by CPXV BR lacking the crmA gene, inflammatory cells were absent, and increased levels of virus antigen were observed (43) . CPXV-BR expressing myxoma virus serpin 2 or baculovirus P35 instead of CrmA still produced white pocks on CAM, while the inhibition of the terminal caspase and the antiapoptotic effects were restored (44) . Moreover, CPXV-BR produced white pocks when the serpin function of CrmA was abolished by a point mutation (44) . These results suggest that CrmA is involved in regulation of the inflammatory re- Types of pocks were determined according to results of fluorescence microscopy (Fig. 3) .
c No, not involved in the production of EEV; yes, involved in the production of EEV; *, deletion mutant produces less EEV than the wild type; †, deletion mutant produces more EEV than the wild type (23).
sponse, and the inhibition of protease function but not direct inhibition of caspase 3 is essential for the function mediated by CrmA with respect to the hemorrhagic pock phenotype. Serpin 1 and serpin 2 were proven to be responsible for the red-pock phenotype of RPXV, while only serpin 2 (CrmA) but not serpin 1 is required in the case of CPXV (8) . In the present study, we included vBRFseRd207 (crmA deletion mutant) and vBRFseRd217 (serpin 1 deletion mutant) in the screen. Pocks produced by vBRFseRd207 (crmA deletion) were white, while those produced by vBRFseRd217 (serpin 1 deletion) were hemorrhagic (data not shown). Our results are, therefore, consistent with those of the previous studies (8) .
The VACV homologue of CPXV069, E3, encodes a function determining the host range of VACV (45) . The E3 product is also involved in the inhibition of host immune responses (46) . E3 is a double-stranded RNA binding protein that inhibits the activation of protein kinase R (PKR) (18), a multifunctional antiviral protein (47) . PKR inhibits viral replication by blocking both host and viral protein synthesis and regulates cytokine expression (47) (48) (49) . Therefore, the ability of E3 to inhibit PKR activation is crucial for maintaining the cellular translation machinery (50) . Moreover, E3 is able to inhibit the expression of several cytokines, including IFN-␤ and TNF-␣, through suppression of the PKR, NF-B, and interferon regulatory factor 3 (IRF3) pathways (46) . Considering the function of CrmA and E3, we hypothesize that the suppression of host immune responses by CrmA and CPXV069 is necessary for the hemorrhagic phenotype. Both CrmA and E3 evidently inhibit cell signaling pathways, which may be of vital importance for the induction of hemorrhagic pocks.
The VACV B5 protein (homologue of CPXV199) might also play a role in the inhibition of host immune responses as B5 shows sequence similarity to complement control proteins (51) . However, whether B5 is involved in complement control is unknown (51) . The B5 protein is known to be involved in EEV production and actin tail formation (19, 52, 53) . Therefore, we included protein B5 in the second category, which is related to EEV production and virus spread. During VACV infection, intracellular mature viruses (IMV), which are released after cell lysis (23) , are the majority fraction. Some IMV become wrapped by a double layer of intracellular membrane to form intracellular enveloped virus (IEV) (23) . Subsequently, IEV moves to the cell surface and forms cell-associated enveloped viruses (CEV), which can be released to form EEV (23) . However, the spread of VACV progeny can be accelerated by EEV being pushed by virus-induced actin tails or by the production of EEV before cell lysis (23, 54) . The VACV homologues of CPXV060, CPXV068, CPXV168, CPXV169, CPXV172, and CPXV199 encode proteins that are all involved in IEV formation, IEV transport to the cell surface, actin tail formation, or EEV formation (23, 29) . According to their different functions, the six proteins can be divided into three subgroups. The first subgroup contains proteins CPXV060, CPXV172 and CPXV199, whose VACV homologues (F12, A36, and B5) are involved in actin tail induction. Deletion of F12, A36, or B5 in VACV resulted in a decrease in EEV production (19, 25, 26) . The second subgroup is comprised of A33 and A34 (VACV homologues of CPXV168 and CPXV169), which are also involved in the induction of actin tails. However, VACV lacking A33 or A34 produces more EEV than wild-type virus (23, 27, 28) . The third subgroup consists of protein E2. VACV E2 protein is not involved in inducing actin tails, but the null mutant of E2 produces less EEV (24) .
The ps/hr gene of RPXV (B5R homologue of VACV-COP) determines pock morphology on CAM (4), and it is also responsible for the hemorrhagic phenotype on CAM. However, the roles of the CPXV B5 homologue and other EEV proteins involved in the pock phenotype on CAM have not been determined. A possible explanation for a link between EEV production and induction of hemorrhagic pocks is that EEV determine cell entry. Compared to IMV, EEV possess an additional membrane and incorporate into virions at least six more proteins (55) . Therefore, IMV and EEV are considered different forms of infectious particles, which likely utilize different entry pathways (56, 57) . IMV are thought to mediate transmission between hosts, whereas EEV are specialized for spread within a host. The change in the number of EEV or the change in the ratio of EEV to IMV could possibly affect the efficiency and spread of infection in vivo.
While producing more EEV, A33 or A34 deletion mutants are much slower in virus spread in vitro, a phenomenon caused by their failure to induce actin tails (23) . Although the release of EEV before cell lysis can benefit virus transmission, it is difficult for the EEV to cross polarized epithelial and endothelial cells and tight junctions. Considering that actin tails induced by poxvirus infection can push progeny virions to neighboring cells (29) , this means of virus spread might help the virus to cross polarized epithelia and the tight-junction barrier. Although E2 is not involved in inducing actin tails, the decreased amount of EEV produced by an E2 null mutant also slows virus spread. Therefore, we speculate that rapid spread mediated by EEV production or actin tail formation of CPXV is of vital importance for formation of hemorrhagic pocks on CAM as effective transmission of viruses within tissues will damage endothelial cells of blood vessels and cause hemorrhage.
Another category of proteins apparently governing the redpock phenotype are those involved in viral morphogenesis, more specifically, constituents of the viral core. VACV E8 is the homologue of CPXV74. It is synthesized early in infection but packaged into nascent virions in the late stages of infection (20) . During virus assembly, E8 localizes to the endoplasmic reticulum (ER) and might mediate interaction between ER cisternae and developing viral factories (20, 21) . VACV A4 is homologous to CPXV136 and is also a virus core protein required for efficient VACV morphogenesis (58) although the roles of E8 and A4 in VACV infection are not fully understood.
The function of VACV-COP F15 (corresponding to CPXV064) is not known. Homologues of F15 are conserved in chordopoxviruses (16) but are not essential for CPXV replication on Vero cells (10) . BLAST analysis shows high similarity between CPXV064 and its OPV homologues (Table 6 ), which may suggest that F15 is highly conserved and that it may play an important role in producing red pocks on CAM. Revealing the function of F15 will help us better understand the mechanism of hemorrhage of CPXV on CAM.
Earlier findings on the induction of hemorrhage upon poxvirus infection of CAM identified only modulators of host immune responses (7, 44) . We here add two categories of structural proteins (core and EEV) as being necessary for hemorrhaging, possibly shifting the focus from immunomodulation more toward efficient virus production, spread, and likely cellular, as well as endothelial, damage.
Although all 10 deletion mutants we describe here produce white pocks, the shapes of the lesions differ from virus to virus (Fig. 3) . Pocks produced by vBRFseR (wild-type virus) are referred to as type I pocks (Fig. 3) . The dark areas in the middle of red pocks are caused by necrotic cells in the center of the pocks that lost fluorescence. Pocks caused by vBRFseRd074 (E8R deletion), vBRFseRd136 (A4L deletion), and vBRFseRd207 (crmA deletion) also have dark areas in the middle, whereas other white pocks show solid fluorescence over the entire lesion (Fig. 3) . This might be caused by the fact that vBRFseR, vBRFseRd074 (E8R deletion), vBRFseRd136 (A4L deletion), and vBRFseRd207 (crmA deletion) replicate better or cause more damage to the tissue than other nonhemorrhagic mutants. Similar to type I pocks, type II pocks produced by vBRFseRd064 (F15L deletion), vBRFseRd068 (E2L deletion), and vBRFseRd069 (E3L deletion) are also round but lack the dark areas in the middle (Fig. 3) , which is caused by lower numbers of necrotic cells in the pocks.
Deletion of CPXV060, CPXV168, CPXV169, CPXV172, or CPXV199 resulted in the production of comet-like pocks (type III pocks) rather than round pocks like the type I or type II pocks produced by the other six deletion mutants. RPXV lacking the ps/hr gene (homologous to CPXV199 and VACV B5R) also produced white pocks with a similar shape (4). Microscopic examination of CAM showed that the comet-like shape is not caused by blood vessel architecture because the pocks did not localize to arteries or veins (data not shown). However, CPXV060, CPXV168, CPXV169, CPXV172, or CPXV199 deletion mutants produced small and round plaques (data not shown). RPXV lacking the ps/hr gene also produced smaller but round plaques (4), indicating that viruses can indeed behave differently in cell culture and live tissue and that the shape of pocks cannot be predicted from the shape of plaques. VACV lacking the E2L gene (homologue of CVXV068) produces less EEV (24), but vBRFseRd068 (E2L deletion) produced round pocks (Fig. 3) . In contrast, VACV lacking protein F12, A36, or B5 produced less EEV (19, 25, 26) , while VACV lacking protein A33 or A34 produced more EEV than wild-type virus (23, 27, 28) . However, vBRFseRd060 (F12L deletion), vBRFseRd168 (A33R deletion), vBRFseRd169 (A36R deletion), vBRFseRd172 (A36R deletion), and vBRFseRd199 (B5R deletion) produced comet-like pocks (Fig. 3) . We concluded from the data that the increase or decrease of EEV production is not related to the comet-like shape of the pocks. Considering that the A33, A34, A36, B5, and F12 proteins in VACV are all involved in actin tail formation (23), we hypothesize that deletion of actin tail-related genes in CPXV altered virus transmission, which might have caused the different pock shape. Besides their shapes, the sizes of the pocks produced by different mutant viruses also varied. Although white pocks were usually smaller than red pocks produced by vBRFseR (wild-type virus), the sizes of pocks produced by vBRFseRd136 (A4L deletion) were similar to those produced by vBRFseR (wild-type virus) (Fig. 6B) . We found that smaller lesion size is not necessarily a characteristic of white pocks as many mutants produced hemorrhagic pocks that were smaller than those induced by wild-type virus. Similarly, plaque size is also not related to hemorrhage of the lesions. Compared with wild-type virus, most mutant viruses producing white pocks on CAMs also produced significantly smaller plaques (Fig.  6A) . However, vBRFseRd136 (A4L deletion) produced plaques as big as those produced by vBRFseR (wild type). We concluded, therefore, that plaque and pock sizes are not related to hemorrhage in lesions.
However, there is a positive correlation between plaque and pock sizes (Fig. 6C) . Mutant viruses that produced smaller plaques in cell culture also caused smaller pocks on CAMs than vBRFseR (wild-type virus). Our results seem to be consistent with an earlier study showing that RPXV lacking the ps/hr gene (B5R homologue) yielded smaller plaques in cell culture and smaller white pocks on CAMs than parental wild-type RPXV (4). Likely, the sizes of plaques and lesions are influenced by factors determining virus entry, replication, spread, and interference with host control.
Nevertheless, the reduction in relative pock size does not always correlate with the reduction in relative plaque size. To compare relative plaque and relative pock sizes, we performed a regression analysis (Fig. 6C) . Compared with vBRFseR (wildtype virus), mutant virus vBRFseRd068 (E2L deletion) and vBRFseRd069 (E3L deletion) that produced small plaques caused relatively large pocks, while mutant virus vBRFseRd064 (F15L deletion), vBRFseRd136 (A4L deletion), and vBRFseRd199 (B5R deletion) that produced large plaques caused relatively small pocks (Fig. 6C) . It is known that VACV lacking E2 or B5 produces less EEV. We report here that vBRFseRd068 (E2L deletion) produced relatively large pocks while vBRFseRd199 (B5R deletion) produced relatively small pocks. Other deletion mutants that are not related to EEV production also exhibit differences with respect to the reduction of pock and plaque sizes. We concluded from our analysis, therefore, that EEV production seems not to be a determining factor for either pock or plaque size. Although protein E3
and CrmA are all immunomodulating molecules, vBRFseRd069 (E3L deletion) produced relative large pocks, whereas vBRFseRd207 (crmA deletion) showed a similar reduction in pock and plaque sizes. It seems that the difference in reduction of pock and plaque sizes could be due to different mechanisms. Besides, plaque sizes were analyzed in Vero cells covered with semisolid medium, while pocks on CAMs formed without restriction of virus movement.
Histological examination confirmed that pocks caused by wild-type virus are hemorrhagic while no hemorrhage was found in white pocks. Pocks induced by CPXV infection are characterized by epithelial necrosis and epithelial as well as stromal proliferation. Compared to red pocks, white pocks show decreased necrosis and inflammation and increased proliferation of epithelial and stromal cells.
In summary, we have identified 10 CPXV genes that are involved in the formation of hemorrhagic lesions on chicken CAM. The function of their homologues in VACV hints toward possible mechanisms for the formation of hemorrhages on infected CAM. Induction of actin tail and EEV could play an important role in causing the hemorrhagic phenotype.
